Abstract Amino acid PET is increasingly utilized for the detection of recurrent gliomas. Increased amino acid uptake is often observed outside the contrast-enhancing brain tumor mass. In this study, we evaluated if non-enhancing PET? regions could predict spatial and temporal patterns of subsequent MRI progression in previously treated glioblastomas. Twelve patients with a contrast-enhancing area suspicious for glioblastoma recurrence on MRI underwent PET scanning with the amino acid radiotracer alpha-[ 11 C]-methyl-L-tryptophan (AMT). Brain regions showing increased AMT uptake in and outside the contrast-enhancing volume were objectively delineated to include high uptake consistent with glioma (as defined by previous studies). Volume and tracer uptake of such non-enhancing PET? regions were compared to spatial patterns and timing of subsequent progression of the contrastenhancing lesion, as defined by serial surveillance MRI. Nonenhancing PET? volumes varied widely across patients and extended up to 24 mm from the edge of MRI contrast enhancement. In ten patients with clear progression of the contrast-enhancing lesion, the non-enhancing PET? volumes predicted the location of new enhancement, which extended beyond the PET? brain tissue in six. In two patients, with no PET? area beyond the initial contrast enhancement, MRI remained stable. There was a negative correlation between AMT uptake in non-enhancing brain and time to subsequent progression (r = -0.77, p = 0.003). Amino acid PET imaging could complement MRI not only for detecting glioma recurrence but also predicting the location and timing of subsequent tumor progression. This could support decisions for surgical intervention or other targeted therapies for recurrent gliomas.
Introduction
Gliomas represent approximately 30 % of all central nervous system tumors and 80 % of all malignant brain tumors [1] . Glioblastomas have poor prognosis with a median survival of 15 months [1, 2] ; however, a small percentage remains stable for a prolonged period of time after initial treatment. Treatment of high-grade gliomas includes surgery and chemoradiation therapy; however, malignant gliomas almost invariably recur in spite of aggressive management [3] . Conventional MRI, including T1-weighted gadolinium enhanced (T1-Gad), T2-weighted, or fluid-attenuated inversion recovery (FLAIR) sequences, is often not reliable in differentiation of recurrent tumor from treatment-induced tissue changes, such as radiation injury. Advanced MRI techniques including perfusionweighted imaging (PWI), diffusion-weighted imaging (DWI), and MR spectroscopy (MRS) as well as positron emission tomography (PET) imaging have shown promise in the differentiation of glioma recurrence or progression from treatment-related changes [4] . Among PET techniques, imaging with radiolabeled amino acids can offer a powerful approach for non-invasive evaluation of brain tumors. Recent studies demonstrated that [ 11 C]-methionine (MET), O-2-[
18 F]-fluoroethyl-L-thyrosine (FET), as well as 3,4-dihydroxy-6-[
18 F]-fluoro-L-phenyl-alanine (FDOPA) could be reliable techniques for detecting glioma recurrence and may complement MRI in clinical practice after further validation [5] [6] [7] [8] [9] [10] [11] [12] . In a few comparative studies, amino acid PET performed better than [ 18 F]-fluorodeoxyglucose (FDG)-PET in post-treatment evaluation of malignant gliomas [7, [13] [14] [15] [16] .
Recently, our group evaluated the use of alpha-[ 11 C]-methyl-L-tryptophan (AMT) as an amino acid PET tracer for evaluation of recurrent gliomas [7, 17, 18] . AMT is not incorporated into proteins but accumulates in gliomas partly due to metabolism via the immunosuppressive kynurenine pathway [7, 19, 20] . We demonstrated that AMT-PET can accurately differentiate between glioma recurrence and radiation injury in WHO grade II-IV gliomas [17] . We also reported that AMT uptake measured in areas with suspected high-grade glioma recurrence was a strong, independent predictor of survival [18] . In newlydiagnosed gliomas, we also observed increased AMT uptake extending beyond the MRI contrast-enhancing brain tumor mass, and histopathology from such non-enhancing regions demonstrated tumor cell infiltration [21, 22] .
In the present study, we evaluated the clinical value of high AMT uptake in brain regions outside the contrastenhancing tissue in post-treatment glioblastomas. We hypothesized that such PET abnormalities could predict the location and timing of subsequent tumor progression as defined by serial contrast-enhanced MRI. Reliable detection of such areas at high risk for tumor progression may be useful for clinical decisions regarding targeted second-line treatments, such as reoperation, radiosurgery, or application of tumor treating alternating electric fields [23] [24] [25] .
Methods

Patient population
We studied 12 patients with histologically-confirmed glioblastoma (age range: 46-80 years; mean: 61 years; Table 1 ), who had previously undergone maximal surgical resection followed by treatment with the Stupp regimen (radiotherapy plus concurrent daily temozolomide followed by adjuvant temozolomide) [26] . All patients underwent post-treatment AMT-PET imaging following an MRI that showed a contrast-enhancing area suspicious (but not definitive) for glioma progression as determined by a board-certified neuroradiologist. One of the following MRI patterns was observed: (i) slight increasing size of contrast enhancement on T1-Gad MRI with or without an increase in T2/FLAIR signal (n = 8); (ii) small, new enhancing lesion without any other T1-Gad or T2/FLAIR signal abnormalities (n = 2); (iii) enlarging area of increased T2/ FLAIR signal with stable T1-Gad enhancement (n = 1); or (iv) persistent enhancing lesion without recent progression (n = 1). After AMT-PET, all 12 patients were followed for up to 2 years with serial MRI scans at 1-to 2-month intervals until clear progression of the contrast-enhancing lesions was noted. The study was approved by the Wayne State University Institutional Review Board with written informed consent obtained from all participants.
MRI protocol
Diagnostic MRI with T1-Gad, T2, and FLAIR sequences, acquired shortly (mean: 14 days; range: 0-27 days) before AMT-PET, was used as the baseline studies. In addition, we also reviewed T1-Gad MRI scans acquired after AMT-PET, and further analyzed the first MRI that showed a clear progression (enlargement) of the contrast-enhancing lesion, in those patients where such a progression occurred within the 2-year follow-up period. MRI studies used for the analysis were performed on a Philips Achieva TX 3.0 Tesla magnet located at Karmanos Cancer Institute, Detroit, MI. The acquired brain tumor MRI protocol included: 4 mm 
AMT-PET scanning protocol
PET studies were performed using a Siemens EXACT/HR whole-body positron emission tomograph (Siemens Medical Systems, Knoxville, TN). The AMT tracer was synthesized by using a high-yield procedure as outlined before [27] . The procedure for AMT-PET scanning has been described previously [21, 28] . In brief, after 6 h of fasting, AMT (37 MBq/kg) was injected intravenously. At 25 min after tracer injection, a dynamic emission scan of the brain (7 9 5 min) was acquired. Measured attenuation correction, scatter, and decay correction was applied to all PET images. For visualization of AMT uptake, averaged activity images 30-55 min post-injection were created and converted to an AMT standardized uptake value (SUV) image. The PET image in plane resolution was 7.5 ± 0.4 mm at full-width half-maximum (FWHM) and 7.0 ± 0.5 mm FWHM in the axial direction.
Image analysis
The 3D Slicer software version 3.6.3 (www.slicer.org) was used for threshold-based volume of interest (VOI) analysis [29] . First, AMT-PET and MR images acquired shortly before the PET were co-registered using the Fast Rigid Registration module [30] . Fused images were automatically resliced and resampled. The volume of increased AMT SUV in and around the contrast-enhancing area was determined based on a cutoff threshold ([65 % increase as compared to contralateral cortical AMT SUV) that provided excellent accuracy to differentiate progressing highgrade gliomas associated with short survival versus those with stable course and longer survival in our recent study [18] . We have also previously demonstrated that AMT cutoff thresholds above 36 % would not detect voxels outside the MRI-detected (contrast-enhancing) tumor mass unless the tumor is infiltrated beyond the contrast-enhancing mass [21] . Voxels surviving this cutoff threshold were summed and their volume (i.e., PET? volume) was expressed in cm 3 . In addition, the area of contrast enhancement was delineated on the T1-Gad images, and its volume (Gad? volume) was also calculated [21] . Subsequently, we also calculated the volume of increased (above-threshold) AMT SUV located outside the contrastenhancing volume (i.e., Gad-/PET? volume). The mean (SUV mean ) and maximum (SUV max ) AMT SUV were also measured in this area. Furthermore, we measured the maximum distance (in mm) between the outer edge of the area with increased AMT uptake and the edge of the Gad? volume. Subsequently, we repeated the volumetric analysis on the MRI scans showing radiographic evidence for clear T1-Gad progression (present in ten patients), after these MR images were also co-registered with both the AMT-PET and the initial MR images (obtained prior to PET imaging). On the same MRI scans, showing T1-Gad tumor progression, we measured the Gad? volume extending beyond the boundaries of the increased AMT uptake measured at baseline.
Statistical analysis
The Wilcoxon signed rank test was utilized for the comparison of the PET? volume extending beyond the Gad? volume before versus after MRI progression. Time to MRI progression was compared between subgroups showing different patterns of progression using Mann-Whitney U test. Further, AMT-PET and T1-Gad volume parameters as well as SUV mean and SUV max measured in the Gad-/ PET? areas were correlated with the time to progression using Spearman's rank correlations. The statistical analysis was performed using IBM SPSS Statistics for Windows, Version 19.0 (IBM Corp., Armonk, NY). A p value of \0.05 was considered significant.
Results
AMT-PET abnormalities
In all patients, at least one region with increased AMT uptake, as compared to normal contralateral cortex, was observed in and/or near the contrast-enhancing area (Table 2 ). In 11 patients, this increased AMT SUV exceeded the predefined cutoff threshold (1.65 lesion/cortex ratio), and its volume varied widely between 0.6 and 37.3 cm 3 (median: 4.5 cm 3 ) ( Table 3 ). The PET? area extended up to 24 mm (median: 10 mm) beyond the edge of the Gad? region. The Gad-/PET? volumes varied between 0 and 32.7 cm 3 (median: 2.1 cm 3 ) (Table 3 ). In one patient (#12), increased AMT SUV in the contrastenhancing area did not reach the 1.65 cutoff threshold, therefore the measured PET? volume was 0 in this patient. In another patient (#5), there were four different areas with contrast-enhancement in the left hemisphere (Table 2 ); in two of these regions, AMT SUV increases exceeded the cutoff threshold (and were included in Table 3 ), while the other two regions showed only milder increases.
Imaging abnormalities after MRI progression
Ten patients showed clear progression of the contrast-enhancing lesion(s), 1-17 months after the PET scan, while two patients (#11 and #12) showed no T1-Gad progression during the 2-year follow-up (Table 2 ). In those with T1-Gad MRI progression, new contrast-enhancement occurred preferentially in PET? regions, with most of the Gad-/ PET? brain tissue becoming contrast enhancing (see detailed locations in Table 2 ); thus, the Gad-/PET? volume decreased considerably to 0-1.4 cm 3 after tumor progression (Table 3 ; median: 0.04 cm 3 ; p = 0.005 in Wilcoxon test). In six patients, the Gad? region after progression not only invaded the PET? brain tissue but extended considerably beyond it, with a widely varied volume (7.8-45 cm 3 ) (Table 3 ; two examples shown on Fig. 1) ; in the other four patients with tumor progression, the Gad? volume expansion mirrored the PET? volume but with no or minimal (\1 cm 3 ) extension beyond the PET? area (see example on Fig. 2a) . Time to MRI progression did not differ between these two subgroups (p = 0.9).
In all ten patients showing T1-Gad progression, subsequent MRI scans demonstrated further tumor progression, and two patients underwent reoperation. Histopathology verified the presence of active glioblastoma in the contrast-enhancing mass. All patients showed subsequent clinical progression and were deceased within 1-20 months.
In the two patients showing no T1-Gad progression during the 2-year follow-up, one patient (#11) showed a supra-threshold PET? area, which was almost congruent with the bulk of the Gad? lesion both at baseline and throughout the follow-up (Fig. 2b) ; the other patient (#12) had only moderate AMT increase, not reaching the threshold, as described above.
Correlations between imaging abnormalities and time to progression
We found a negative correlation between both AMT SUV mean and SUV max and time to progression (after PET) (SUV mean : r = -0.77, p = 0.003; SUV max : r = -0.69, p = 0.014), indicating a faster progression in those with higher AMT uptake in the non-enhancing brain. Further inspection of the data showed that all patients with SUV max [ 4 (n = 8) progressed within about 5 months, while those with SUV max \ 4 were progression-free on serial MRI scans for at least 6 months. In contrast, volumes of Gad? or Gad-/PET? areas did not predict the time to subsequent radiographic progression (p [ 0.2).
Discussion
Malignant gliomas almost invariably show high AMT uptake on PET before treatment [7, 21] . Our current study also demonstrated that increased AMT uptake in post- 
R right, L left, inf inferior, sup superior, med medial, lat lateral, ant anterior, post posterior, F frontal, P parietal, T temporal, O occipital, ext extending (beyond contrast enhancement) * This patient had three separate contrast-enhancing lesions at baseline: two of these showed eventual progression, while a fourth contrast-enhancing lesion emerged at follow-up in the vicinity of a lateral temporal area showing a mild increase of AMT uptake at baseline treatment glioblastomas commonly extends beyond the MRI contrast-enhancing area suspicious for tumor recurrence. Importantly, we found that subsequent progression of the contrast-enhancing area, consistent with glioma progression, encompassed the PET? (originally contrastnegative) brain tissue, and, in some cases, extended beyond it. Thus, the location of increased amino acid uptake in contrast-negative areas could be a reliable predictor of the location of subsequent tumor progression. In addition, higher amino acid uptake in non-enhancing brain regions may predict faster tumor progression as detected by serial MRI scans. Previous comparative studies between PET and histopathology findings in pre-treatment gliomas demonstrated that increased amino acid uptake on MET-PET and FET-PET can detect glioma-infiltrated brain tissue in nonenhancing regions [21, 31, 32] . In our previous study, we also demonstrated that increased AMT uptake outside MRI contrast-enhancing areas detect glioma-infiltrated tissue and differentiate it from non-tumoral MRI changes (such as peritumoral vasogenic edema) in patients with newly-diagnosed gliomas [21] . The PET findings were verified by histopathology performed in stereotactically-resected tissue samples. We also found that PET? areas beyond the contrast-enhancing mass was significantly larger in glioblastomas compared with grade II-III gliomas [21] . In the present study of post-treatment gliomas, we used a strict threshold to delineate PET? brain regions (65 % increase as compared to contralateral normal cortex uptake) to exclude regions with radiation injury that could also cause a moderate increase of AMT uptake [17, 18] .
Although we may have underestimated the area of tumor infiltration by using this strict threshold, we still found above-threshold AMT increases as far as 2.4 cm beyond the contrast-enhancing margin. The vast majority of glioma recurrences tend to develop within 2 cm from the initial enhancing tumor location [33, 34] , but infiltrating glioma cells can be found 3 cm or further away from the contrastenhancing margin [35] . In the present study, the subsequent extension of contrast-enhancement in non-enhancing areas with high AMT uptake strongly suggested that these PET? regions indeed detected tumor-infiltrated brain before they became contrast-enhancing on MRI. It is also likely that glioma infiltration extended beyond the PET? area to regions involved in subsequent MRI progression in some cases. Some of these areas could have been detected by using a lower AMT cutoff threshold. Further studies could determine an optimal threshold to detect glioma-infiltrated brain regions at highest risk for impending tumor progression. After further validation, reliable detection of glioma-infiltrated brain tissue beyond contrast-enhancing regions could be clinically useful to enhance neurosurgical planning for recurrent gliomas. Enhanced PET-assisted definition of the extent of brain-infiltrating tumor volume could also be useful for other targeted rescue therapies, such as the application of tumor treating electric fields [23, 24] .
Another major finding of our study is the negative correlation between the AMT SUV and time to T1-Gad MRI progression, indicating that higher AMT uptake in nonenhancing areas could predict earlier glioma progression. Further inspection of the data also suggested that this may not be a linear correlation; rather, our limited data set suggests that an AMT SUV max above 4 could be an imaging biomarker for imminent tumor progression (as early as within 1 month), which may prompt more frequent MRI follow-up or targeted interventions. In contrast, low AMT SUV max (\4, in our study) beyond contrast enhancement is likely associated with a late progression or even a stable MRI during a 2-year follow-up. In clinical practice, the typical MRI follow-up interval is 2-3 months, which can be shortened in high-risk cases. In patients with subtle changes on serial MRI concerning for tumor progression, low amino acid uptake on PET may provide reassurance to continue the regular imaging follow-up and avoid unnecessary medical and/or surgical interventions.
Despite these encouraging results, our study has some inherent limitations. The study population was small; therefore, the findings will need further confirmation in a larger cohort of patients. In particular, larger, prospective studies could refine the role of amino acid PET imaging in subgroups showing various patterns of MRI progression. Future studies could also help optimize cutoff thresholds and test if other amino acid PET tracers provide similar or better results. AMT, similar to MET, has a short half-life (around 20 min) and is not as practical in a clinical setting as other amino acid PET radiotracers with longer half-lives such as FET or FDOPA. Also, while we compared AMT uptake to MRI contrast-enhancing regions, it would be interesting to correlate the PET findings with advanced MRI techniques such as PWI. Current response assessment criteria rely heavily on contrast-enhanced MRI [36] , which is widely used clinically for monitoring post-treatment glioma progression. Although advanced MRI modalities such as PWI and MRS are increasingly utilized in clinical practice, the number of comparative studies with amino acid PET remains limited. In a recent study, comparing FET-PET and PWI in patients with post-treatment gliomas, the two modalities provided substantially different tumor delineation [37] . This indicates that amino acid PET can detect metabolically active tumor showing no perfusion abnormality; therefore, these two imaging modalities could provide complementary information to assess the risk of imminent glioma progression during the post-treatment monitoring period. In summary, we demonstrated that amino acid PET imaging with AMT could complement conventional T1-Gad MRI not only for detecting glioma recurrence but also predicting the location and timing of subsequent tumor progression. Thus, evaluation of amino acid uptake in patients with suspected glioma recurrence may be useful to guide surgical interventions or other targeted therapies to optimize treatment effects in patients with recurrent malignant gliomas.
